A major issue for successful human gene therapy or genetic vaccination is a safe high-transgene expression level. Plasmidbased (non-viral) physical methods of gene transfer offered attracting approaches but their low efficiencies have limited their use in human pre-clinical trials. One of the limits appears to be the size of the plasmid that must be transferred across the cell membrane to the nucleus for its processing. In the present work to enhance gene transfer and expression, we evaluated a new generation of DNA vector; the minicircle, combined with the electropulsation technique. Minicircle is a doubled-stranded circular DNA with reduced size as it is devoid of bacterial sequences. We showed that electrotransferred minicircle encoding green fluorescent protein had higher in vitro transfection level compared with full-length plasmid. We demonstrated that minicircle great efficiency was not because of cellular toxicity decrease but was correlated to more efficient vector uptake by cells. Vector electrotransfection was operated in vivo and, using fluorescence imaging, minicircle electrotransfer was shown to enhance the efficiency and duration of tissue-targeted gene delivery and expression. By combining powerful expression and delivery systems, we have provided a valuable method for new approaches in gene therapy and genetic vaccination.
INTRODUCTION
Over the past decade, plasmid-based gene transfer has emerged as a promising strategy for gene therapy and vaccination. In fact, plasmid DNA vectors are opening the way for pre-clinical applications, as they are easy to produce on a large scale. A major advantage is that they do not integrate into host genome representing as such a safe approach. 1 However, the level of transgene expression that can be attained with current synthetic vectors is generally low. The lack of sustained expression may limit the ability to provide therapeutic levels of a given protein for any extended period of time.
The weak level of expression, elicited by plasmid DNA, is suggested to be because of the difficulty to transfer a huge macromolecule such as a plasmid across the plasma membrane up to the nucleus. The role of this size effect is supported by the observation that small nucleic acids are more easily transferred. This limit may be overcome by the design of a new generation of DNA vector. Among them, the minicircle DNA (MC) has reduced size as it lacks the bacterial backbone sequence consisting in antibiotic resistance genes and origin of replication. 2 MC shows higher gene transfer efficiency by chemical methods compared with conventional plasmid DNA. 3 --8 Although MC production is non-trivial, novel systems have recently been described 9 and MC is now commercially available. Thus MC constitutes a promising tool for a safe and highly efficient gene therapy and vaccination application.
Nevertheless, the main barrier in naked DNA use is the limited number of safe and efficient methods that can be used in vitro and in vivo. Electropulsation (EP) is a physical method used to introduce into a cell across its permeabilized membrane foreign molecules such as drug, 10, 11 plasmid DNA, 12, 13 RNA and oligonucleotides. 14, 15 EP consists in the application of electric pulses on target cells (and tissues) to destabilize the membrane phospholipid bilayer which becomes permeable, thereby allowing in vitro and in vivo molecules entry. After electrical pulse delivery, there is a resealing of the cell membrane that becomes impermeable. 16 EP offers a number of advantages such as specific targeting of the delivery, short delay between injection and delivery, easiness and low cost of the procedure. Clinical applications of EP are already under successful trials in Europe and in the United States and consist mostly in electrochemotherapy, which facilitates the access of an antitumoral drug into the tumor. 17 --20 Electrogenotherapy; that is, gene electrotransfer for tissue specific expression, is under phase I trial. 21 Recent data in pre-clinical trials, suggest EP as a useful strategy to improve DNAbased vaccination protocols. In fact, electrotransferred plasmid DNA increases the associated vaccine potency. 22, 23 It has been hypothesized that the size of the plasmid may influence the electrotransfer efficiency. 24 However, contradictory results regarding the effect of plasmid size on electrotransfer efficiency have been published 25 --27 and mechanistic experiments have never been performed. To our knowledge, MC electrotransfer was only mentioned in one review. 24 Building on these observations, we decided to combine EP with this high-level gene expression system (MC) by using the green-fluorescent protein (GFP), fluorescence microscopy and whole body imaging to have access to a quantitative and spatially defined evaluation of minicircle expression. Moreover, our results let us to tentatively propose a mechanism for minicircle increased expression. Finally, we analyzed the in vivo level of MC-GFP expression and demonstrated that MC-GFP construct elicited a stronger and more sustained expression compared with regular plasmid when electrotransferred into mouse muscle. The present study reports a new promising strategy for optimizing and validating vectorbased gene therapy and associated vaccination by EP.
RESULTS
Comparison of in vitro GFP expression after electrotransfer of MC-GFP and conventional plasmid p-GFP To evaluate in vitro vector transfection efficiency, we used the same molar amount of both DNA constructs. No GFP expression was detected in non-pulsed cells. As shown by fluorescence microscopy, the number of GFP expressing cells was improved when MC-GFP was electrotransferred compared with p-GFP (Figure 1a) . To further assess MC-GFP increased efficiency, we quantified GFP expression over time by flow cytometry (Figure 1b) . The percentage of GFP positive cells obtained at day 3 with MC-GFP was twofold higher compared with results with p-GFP (14.7% ± 1 vs 8.6% ± 0.6, respectively). At day 6, GFP positive cell percentage was similar for both constructs (2.8% ± 0.4 vs 2.6%±0.5 for MC-GFP and p-GFP, respectively). No significant difference of mean fluorescence intensity was observed between both vectors (data not shown).
Collectively, our data demonstrated that in vitro more B16 cells were electrotransfected with MC-GFP than with a conventional plasmid.
Comparison of in vitro toxicity induced by electrotransfection with MC-GFP and conventional plasmid p-GFP Transfection efficiency depends on several factors including cell viability. To address this issue, we analyzed the cellular toxicity of both DNA constructs. We observed a slight cellular toxicity due to the EP technique (23.7% ± 5.6, Figure 2 ), but toxicity was more pronounced when DNA was added. Such behavior was previously described. 28 However, no significant cellular viability difference was detected between the two electrotransferred vectors (57.5% ± 3.3 for MC-GFP vs 51.55% ± 4 for p-GFP, Figure 2 ).
This result suggested that both DNA constructs led to a similar cellular toxicity level. Thereby, MC-GFP increased efficiency was not because of the preserved cell viability.
Effect of vector size on DNA/permeabilized membrane interaction Electrotransfection is a multistep process: (i) formation of a DNA membrane complex during the ms pulse, (ii) a slow transfer to the cytoplasm (min) and (iii) cellular processing (h). Interaction of DNA with electropermeabilized membrane is a key step for vector electrotransfer process. 29, 30 Video-microscopy at a single cell level offered us the possibility to analyze interaction of plasmid DNA with the electropermeabilized membrane. To compare MC-GFP and p-GFP interactions, we used a constant number of copies of DNA per cell in the pulsing buffer. In both cases, TOTO-1 labeled DNA aggregated at the permeabilized cell membrane level ( Figure 3a ). The DNA appeared as spots on the cell surface as with many previous cell systems. No interaction was observed in absence of pulse application as previously described. Effect of vector size on cell viability. B16 cells were subjected (pulsed) or not (non-pulsed (NP)) to eight pulses of 5 ms duration with an electric field intensity of 500 V cm À1 at 1 Hz with MC-GFP, p-GFP or without plasmid DNA. Cell viability was measured by crystal violet staining 2 days after pulse application. Values are means ± s.e.m., n ¼ 9 points per group (except for NP as n ¼ 3), *Po0.05, **Po0.01, NS ¼ non-significant result (one-way ANOVA analysis).
The number of DNA spots at the membrane and the relative DNA/ membrane interacting area were similar with both DNA constructs ( Figure 3b ). However, the number of interacting DNA copy was twofold higher with MC-GFP compared with p-GFP (2644 AU ± 423 vs 1340 AU±160, respectively, Figure 3c ), suggesting that DNA size controlled the amount of DNA stably interacting with cells.
Our result supported a mechanism in which electrotransferred MC-GFP greater transfection efficiency was correlated to a more efficient interaction of DNA with the membrane giving a higher uptake by cells.
In vivo muscle GFP expression with electrotransferred MC-GFP and conventional plasmid We had previously shown that in vivo EP following injection of plasmid DNA resulted in increase in expression of the encoded protein in the injected tissue. 31, 32 To compare vector in vivo transfection efficiency, we co-injected into mouse tibialis cranialis muscle the MC-GFP plus the reporter TurboFP635 plasmid or the p-GFP plus the TurboFP635 plasmid. TurboFP635 plasmid co-transfection has been used as an internal control to monitor potential inter-individual variation in transfection levels and to allow correction by normalization. We observed that GFP fluorescence level in the whole muscle was 2.4 --10.8-fold higher in muscle electrotransferred with MC-GFP than with p-GFP (330.3 AU±101.9 vs 138.7 AU±25.62 at day 8 and 4.59 AU±1.62 vs 0.42 AU±0.25 at day 71, Figures  4a --c) . No significant difference was seen for the TurboFP635 expression between the two groups of mice (Figures 4a and b) . Besides these results, to ensure that the GFP level increase observed with MC-GFP was not due to inter-individual variation, we calculate the GFP and internal control (TurboFP635) fluorescence ratio for each co-injected mouse (Figure 4d ). The normalized GFP fluorescence obtained indicated that MC-GFP led to 2.5 --4 times more GFP expression than the conventional plasmid (2.6 times increase±0.5 at day 8 and 4 times increase±0.9 at day 18). No TurboFP635 expression was detected after day 18 preventing the normalized GFP fluorescence calculation after that time. As shown above, GFP expression was long lived with the two constructs but remained higher with the MC-GFP and therefore more sustained.
The transfer efficiency was then analyzed by calculating the percentage of transfected muscle area (Figure 4e ). In the first days post-EP, we observed only a slight increase in transfer efficiency with the MC-GFP (85.5% ± 5.8 vs 72% ± 6.25 at day 10 for MC-GFP and p-GFP, respectively). However, starting from day 10, differences in the percentage of transfected muscle area between MC-GFP and p-GFP markedly increased up to 36 times higher for MC-GFP (22.6% ± 6.6 vs 1.3% ± 0.66 at day 32).
Taken together, these data clearly demonstrated that in vivo MC-GFP electrotransfer led to a stronger and more sustained GFP expression compared with conventional p-GFP.
DISCUSSION
One of the requirements for gene therapy and associated vaccination is the use of a highly safe and efficient gene expression system. Plasmid-based (non-viral) gene delivery offers attracting opportunity for human clinic. However, the injection of naked plasmids gives low-transfer efficiency probably because of two factors; DNA inefficient uptake by cells and plasmid DNA low-expression levels. Physical methods are known to partially counterpart these two limitations. We proposed to combine an efficient vector delivery method; the EP with a high-gene expression level system; the minicircle. MC is a new generation of circular plasmid-derived DNA, which contains merely the transgene expression cassette without bacterial-originated sequences. A significant reduction in size of the construct is obtained (a factor about 2).
Using the B16 cellular model, we first observed by fluorescence microscopy and flow cytometry that electrotransferred MC-GFP gives more GFP positive cells than a conventional full-length plasmid (Figure 1 ) that contains the same expression cassette (Supplementary Figure S1) .
We then studied the mechanism of such an efficient transfer. In fact, if MC higher transfection efficiency (by chemical methods) is widely accepted, 33 little work has been done on its mechanism. It has been postulated that MC could be less toxic compared with conventional plasmid 3 explaining the increased expression observed with MC-GFP. Nevertheless, in vitro electrotransferred MC-GFP and conventional plasmid led to a similar level of cellular toxicity (Figure 2 ). To go deeper in our knowledge of the MC-GFP high-efficiency mechanism, we looked at the early events of plasmid DNA electrotransfer. In fact, plasmid DNA electrotransfer is a multistep process: electrophoretic migration towards permeabilized cell membrane, aggregation at its surface, translocation into cytoplasm to finally reach the nucleus. 30 The way both vectors accumulated at the cell surface is similar (DNA spot, same number of spots and percentage of interacting area) (Figure 3b) indicating that DNA electrotransfer mechanism is slightly dependent on vector size. Indeed, we observed that more copies of MC-GFP remain accumulated on the permeabilized membrane than for the conventional plasmid (Figures 3a and c) . As the electrophoretic contribution under our pulsing conditions (ms pulse duration) is the same on both constructs, we may suggest that the spot formation or the interaction of the DNA with the plasma membrane is more stable with the MC-GFP. Recent results have shown that part of the electrophoretic accumulated plasmid forms a metastable complex at the cell surface. 34 Our result is in agreement with the fact that gene transfer efficiency is correlated with DNA/membrane interaction efficiency. 29 DNA/membrane interaction is necessary but not sufficient for plasmid expression (personal communication) suggesting that a minimum of DNA copies interacting with the permeabilized cell membrane is needed to have vector expression. Thereby, if the number of copies interacting with the membrane increases with the MC-GFP (Figure 3c ), it could explain why the MC-GFP increases the number of GFP expressing cells (Figure 1b) . In addition, movement of plasmids from cytoplasm across the nuclear membrane is described as a crucial step for successful gene expression. 35 The diffusion coefficient of DNA into the cytoplasm has been shown as inversely proportional to its molecular weight but remained low. 3 Therefore, MC-GFP might migrate through the cytoplasm to the nucleus more efficiently. However, in our B16 model, the GFP mean fluorescence is the same with both vectors suggesting either that DNA intracellular trafficking does not have a role in MC-GFP greater efficiency or the expression of the MC-GFP is less efficient than for the pDNA-GFP.
In this report, MC-GFP injection followed by in vivo EP resulted in more sustained and higher level of gene expression compared with conventional plasmid (Figure 4 ). The CpG content is 46% lower in the MC-GFP compared with pGFP. It was previously established that bacterial sequence diminished transgene expression. 36, 37 In particular, immunostimulatory CpG motifs may increase the clearance of transgene expressing cells 38 and their methylation may induce epigenetic gene silencing. 39 However, recent published results contradict this state of art. 40, 41 In fact, a high CpG content brought a positive effect on expression in the case of EPO electrotransfer in muscles. 40 In view of these new data, it is presumptuous to conclude that the decrease in CpG content in MC, as compared with conventional plasmid, explains its sustained expression.
Considering our in vivo results, MC-GFP electrotransfer appears as a promising gene delivery system for gene therapy and genetic vaccination. EP technique is also particularly interesting in vivo as it allows specific targeting with efficient gene delivery and protein expression. 42 These properties make EP specifically attracting for therapeutic applications as proven by its increasing use in human clinic (reviewed in Bodles-Brakhop et al.
43
). In addition, the lack of antibiotic resistance gene and origin of replication in MC 2 avoids potential accidental selection of plasmids and scattering in the patient or in the environment increasing considerably its bio-safety. 44 To conclude, we first demonstrated that high in vitro transfection level by electrotransferred MC-GFP is mainly because of its strong interaction at the surface of permeabilized membrane. We then demonstrated the potential of MC electrotransfer as a strategy for non-viral gene transfer with a large spectrum of clinical applications such as genetic vaccination in cancer immunotherapy, protective immunity against infectious diseases and gene therapy.
MATERIALS AND METHODS

DNA vectors, cell lines and experimental animals
In order to compare plasmids efficiency we used the same number of copies of both plasmids for all experiments. The minicircle construct, MC07.CMV-GFP (MC-GFP, 2257 bp) and the corresponding conventional (full length) plasmid, pCMV-GFP (p-GFP, 3487 bp) were obtained from PlasmidFactory (Bielefeld, Germany). The MC-GFP size is reduced to around 35% compared with its conventional counterpart. Both vectors contain the same expression cassette (Supplementary Figure S1) . The MC-GFP contains 56% less CpG motifs compared with the p-GFP. The pTurboFP635-C vector (p-T) encoding far-red fluorescent protein TurboFP635 was purchased from Evrogen (Moscow, Russia).
B16F10 mouse melanoma cells were routinely maintained in Dulbecco 0 s Modified Eagle Medium (Gibco-Invitrogen, Carlsbad, CA, USA) containing penicillin/streptomycin (100 U ml À1 ) (Gibco-Invitrogen) and supplemented with 10% heat inactivated fetal calf serum (Gibco-Invitrogen) in a 5% CO 2 humidified incubator at 37 1C.
Animal studies were carried out according to the guidelines of the French CNRS and EU commission regulations for laboratory animals' care (protocol number 20090216/55). In the experiments, 7 weeks old female hairless SKH1 mice purchased from Charles Rivers Laboratories (L'Arbresle, France) were used. Animals were kept in a conventional animal facility at a constant room temperature (21 1C) and a natural day --night light cycle.
In vitro DNA electrodelivery Cells (0.5 Â 10 6 ) were suspended in 100 ml of pulsing buffer (10 mM K 2 HPO 4 /KH 2 PO 4 buffer, 1 mM MgCl 2 , 250 mM sucrose, pH 7.4) containing DNA vector (6 nM). EP (eight pulses lasting 5 ms at 500 V cm À1 , 1 pulse s À1 ) was achieved by using a CNRS cell electropulsator (Jouan, St Herblain, France), which delivered square-wave electric pulses. An oscilloscope (Enertec, St Etienne, France) monitored pulse shape on line. Stainless steel flat parallel electrodes (1 cm length, 1 cm width, inter-electrode distance 4 mm) (IGEA, Carpi, Italy) were used. Cells were then incubated for 5 min at room temperature and cultured in Petri dish (Becton Dickinson, Rungis, France) with 1 ml of culture medium at 37 1C in a 5% CO 2 incubator.
Fluorescence microscopy
For GFP expression visualization, cells were observed under an inverted digitized video microscope (DMIRB; Leica, Wetzlar, Germany) equipped with a cooled CCD camera (Roper Coolsnap FX, Sarasota, FL, USA) using a Â 40 magnification.
DNA/membrane interaction was observed with a Quantem 512SC EMCCD camera (Roper) and a Leica Â 100 oil immersion objective. The Leica H3 filter (420 nmol ex o490 nm, dichromatic mirror 510 nm, l em 4515 nm) was used for TOTO-1 labeled DNA vector visualization.
Flow cytometry
Transfection level (that is, percentage of GFP expressing cells) was assessed by flow cytometry analysis using a FACScalibur (Becton Dickinson). A minimum of 10 4 events were acquired on the FL-1 channel and analyzed with the Cellquest software (Becton Dickinson).
Cell viability
Cell viability was measured by quantifying the cellular growth over 48 h after DNA vector electrotransfer by crystal violet staining as previously described. 45 Briefly, cells were stained with 1 ml crystal violet (0.1% in pulsing buffer) for 20 min, washed with PBS and then lysed with 500 ml acetic acid (10%) for 5 min. Cell density was evaluated by 595 nm OD measurement.
DNA vector staining and DNA/permeabilized membrane interaction analysis DNA (12 nM) were stained stoichiometrically with the DNA intercalating thiazole orange homodimer dye TOTO-1 (Molecular probes, Eugene, OR, USA) according to the rate of 1 mole TOTO-1 for 5 bp during 60 min on ice. B16 cells were then pulsed in presence of labelled-DNA vector using similar electrical parameter than for DNA transfer. DNA/membrane interactions were visualized after pulse application as described above. 31 Digitized images were processed using the MetaMorph acquisition software (version 7.04r4, 1992 --2006, Molecular Devices). Percentage of DNA/membrane interaction area is described by the following equation: (a/b)*100, where 'a' is the length of the arc along the cell surface where DNA/membrane interaction was detected and 'b' is the cell perimeter. Both parameters were determined from line scans drawn on the digitized pictures. The total fluorescence in the interaction zone is obtained from the integrated intensity of all pixels located in this zone. As the number of TOTO-1 molecules inserted in the MC-GFP plasmid was 1.54-fold lower compared with the p-GFP, MC-GFP fluorescence intensity was corrected by multiplying by 1.54. Thereby, results were expressed as the number of interacting DNA copy.
In vivo DNA electrodelivery Animals were kept under isoflurane/air anesthesia during the whole procedure. 20 ml of each construct (30 nM of MC-GFP or p-GFP, plus 60 nM p-T) in saline buffer were injected directly into mouse tibialis cranialis muscle using a Hamilton syringe through a 26G needle (Hamilton, Bonaduz, Switzerland). 30 s after injection, plate parallel electrodes (length 1 cm, width 0.6 mm, inter-electrode distance 5 mm) (IGEA) were fitted around the muscle and electric pulsation (8 pulses lasting 20 ms at 200 V cm À1 ) was applied using the PS 10 CNRS Electropulsator (Jouan) as previously described. 46 A good electric contact was obtained between the skin and the electrodes using a conducting paste (Eko-gel, Egna, Italy).
Whole-body imaging
Fluorescent muscles were observed through the skin of the hairless SKH1 mice by a Macrofluo microscope (Leica) equipped with a cooled CCD camera (Roper Coolsnap HQ) using the Â 0.57 magnification. The exposure time was set at 1 s with no binning. The fluorescence excitation was obtained with an EL6000 light source (Leica) and either the GFP (l ex ¼ 480/40, l em ¼ 527/30) or the TurboFP635 filter set (l ex ¼ 560/40, l em ¼ 630/75) (Chroma technology, Rockingham, USA). This procedure allows analysis of vector expression on the same animal during several weeks. For images acquisition and quantification, the MetaVue software (Universal, Downingtown, PA, USA) was used. Briefly, GFP and TurboFP635 mean fluorescence in the whole tibialis cranialis muscle were quantitatively determined. The GFP positive area in the whole muscle was gated and the percentage of transfected muscle area was calculated as; GFP positive area Â 100/whole tibialis cranialis muscle area as previously described. 31 The GFP and TurboFP635 mean fluorescence ratio was calculated for each mouse in its GFP-positive area to give the normalized GFP fluorescence.
Statistical analyses
Quantitative data (presented as means±s.e.m.) were analyzed with Prism 4 software (GraphPad, San Diego, CA, USA). Before carrying out statistical tests, we determined whether the data were normally distributed and evaluated their variance. We then carried out appropriate test as indicated. For in vivo time-course experiments, we used two-way ANOVA analysis. We report the actual P-value for each test. Po0.05 was considered statistically significant.
